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Among prokaryotic genomes, the distribution of genes on the leading and lagging strands of the replication fork is known to be biased. Several
hypotheses explaining this strand-biased gene distribution (SGD) have been proposed, but none have been tested or supported by sufficient data
analyses. In this work we have analyzed 211 prokaryotic genomes in terms of compositional strand asymmetries and the presence or absence of
polC and have found that SGD correlates not only with polC, but also with purine asymmetry (PAS). Furthermore, SGD, PAS, and polC are all
features associated with a group of low-GC, gram-positive bacteria (Firmicutes). We conclude that PAS is a characteristic of organisms with a
heterodimeric DNA polymerase III α-subunit constituted by polC and dnaE, which may play a direct role in the maintenance of SGD.
© 2007 Elsevier Inc. All rights reserved.Keywords: Coding sequence; Open reading frame; Strand-biased gene distribution; α-subunit gene; PolC; DnaE; Purine asymmetry; DNA polymerase IIIAn overwhelming majority of circular prokaryotic genomes
have a single replication origin, from which each DNA strand is
replicated by two replication forks moving in opposite direc-
tions until they meet at the halfway point. As a result, each DNA
strand is always synthesized in a composite way, approximately
half is made as the leading strand and the other half as the
lagging. The gene distribution bias between leading (LeS) and
lagging strand (LaS), or strand-biased gene distribution (SGD),
among prokaryotes has been reported by several groups, often
within genomic sequence publications [1–4]. SGD is accom-
panied by codon usage bias between the two strands [5].
Two hypotheses have been proposed to explain the presence of
SGD in prokaryotic genomes. The first hypothesis explains SGD as
selection to avoid frequent head-on collisions between two major
enzyme complexes, the DNA and RNA polymerases [6,7]. Both
head-on and co-oriented collisions occur frequently in bacteria,
since replication and transcription are carried out simultaneously on
the same DNAmolecule at different speeds. Co-oriented collisions
occur for genes on the LeS and head-on collisions occur for genes⁎ Corresponding author. Division of Biostatistics, Department of Medicine,
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doi:10.1016/j.ygeno.2007.04.002on the LaS. Localization of a gene on the LeS will reduce its
collision rate because head-on collisions occurmore frequently than
co-oriented collisions [8]. Therefore, transcription would be aided
by preferential localization of important genes on theLeS. There are
two views on which set of genes would be important enough for
preferential localization on the LeS, either highly expressed or
essential genes. The expressivity-driven hypothesis supposes that
SGD is caused by a preferential localization of highly expressed
genes on the LeS, to reduce the number of head-on collisions
efficiently [9,10]. The essentiality-driven hypothesis supposes that
SGD is caused by a preferential localization of the essential genes
on the LeS, to avoid frequent interruptions in their expression
[11,12]. The second hypothesis attributes the mechanism behind
SGD to an asymmetrical replication machinery [13], in which polC
and dnaEwere known to be responsible for the synthesis of LeS and
LaS, respectively [14]. The evidence is that polC has been
exclusively found in a gram-positive bacterial group, the Phylum
Firmicutes, and SGD appears to be more pronounced in Firmicutes
than in other bacteria.
However, there are many questions that remain to be
answered. Which one of the hypotheses is closer to the truth or
do both contribute similarly? To what extent do these hypo-
theses explain SGD? How does SGD vary among bacteria of
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machinery affects SGD, what sequence composition signature
should we see on leading and lagging strands, assuming polC
and dnaE are responsible for the synthesis of the leading and the
lagging strands, respectively [14]? How does GC skew relate to
the asymmetry of the replication process of the LeS (replicating
continuously) and the LaS (replicating discretely as Okasaki
fragments) [15,16]? How does spontaneous deamination and 5-
methylation of cytosine in the LeS affect SGD [17–19]? Here,
we report the analysis of 211 genomic sequences (GenBank
collections before May 20, 2005) with respect to the previously
proposed hypotheses about SGD. We compared compositional
asymmetries found in the LeS and the LaS between two groups
of bacteria, Firmicutes and non-Firmicutes, and examined the
relationship between SGD and polC. We found a stronger
purine asymmetry (PAS) in Firmicutes relative to non-Firmi-
cutes, which is related neither to expressivity nor to essentiality
of genes but is related to the mechanism of DNA replication.
Results
For convenience, we defined the two strands of a DNA
duplex as the top strand and the bottom strand (Fig. 1), assu-
ming that most prokaryotic chromosomes are circular despite
the fact that some are linear or oscillate between the two forms
[20]. The determination of LeS and LaS can be either extracted
from genome annotations or based on GC skew (G−C/G+C)
analyses. Since some of the annotated genes may be hypothe-
tical or identified only as open reading frames (ORFs), we use
the term coding sequence (CDS) in reference to most of the
genes. Based on our preliminary analysis, we classified the
collected genomes into two groups: the Phylum Firmicutes
group (F group) and the non-Phylum Firmicutes group (NF
group). Of the 211 genomes collected in this study, 57 and 154
belong to F group and NF group, respectively. Many studies
have used Escherichia coli and Bacillus subtilis as example
organisms for detailed analysis, but we believe that Bacillus
anthracis Ames 0581 [4] and Francisella tularensis [21] are
better representatives of the two groups for two reasons. First,
the genes of the former two are more purine-rich than those of
the latter two. Second, the average purine content difference
between the LeS and the LaS of B. anthracis Ames 0581 is
larger than that of B. subtilis. Therefore, B. anthracis Ames
0581 provides a better example of an organism with a strong
PAS, which will benefit our later discussion that genes will
preferentially locate on the LeS to keep their purine richness
because purine richness can benefit prokaryotic genes by pre-
venting nonspecific RNA–RNA interactions and excessive
formation of double-stranded RNA.Fig. 1. Schematic diagram of top and bottom strands of a prokaryotic genome. They ar
and terminus.Many, but not all, highly expressed genes prefer the LeS
We first examined the extent of expressivity- and essenti-
ality-driven SGD. To examine expressivity-driven SGD, we
began with a popular computational method for evaluating gene
expressivity, the codon adaptation index (CAI) [22,23]. CAI is a
64-dimensional vector, representing the usage frequency of the
64 codons in highly expressed genes. It was believed that the
value of the CAI is positively correlated with gene expressivity.
Ribosomal proteins are employed to build the CAI, and in a
given prokaryotic genome, all its genes are ordered descend-
ingly according to their CAI values; approximately 10% of the
genes that have high CAI values are often defined as highly
expressed genes.
Not only did highly expressed genes of the F and NF groups
have different distribution patterns on the LeS, but also highly
expressed genes of the NF group do not always exceed 50% on
LeS (Fig. 2a). Our analyses showed that highly expressed genes
on LeS ranged from 53 to 95% for the F group (average 80%,
SD 7%) and 27 to 100% for the NF group (average 60%, SD
15%). This difference was also very significant (pb0.0001,
Wilcoxon rank-sum test). We found 30 genomes in our dataset
whose highly expressed genes on LeS were lower than 50%
(e.g., Bordetella parapertussis and Pseudomonas syringae of
the NF group). Therefore, we concluded that highly expressed
genes do not necessarily always preferentially reside on the
LeS, although they do most of the time.
To examine essentiality-driven SGD, we examined publicly
available experimental data on essential genes. Since essential
genes were determined based on gene inactivation experiments,
the only publicly available datasets as of this writing are from E.
coli and B. subtilis [24,25]. Approximately 75 and 94% of the
essential genes are on the LeS in the genomes of E. coli and B.
subtilis, respectively. Assuming that the orthologs of essential
genes in E. coli and B. subtilis are still essential in closely related
bacteria, we selected four bacterial genomes to analyze the
orthologs of essential genes and found that the orthologs still
preferentially locate on LeS (Table S1). We do not extend this
analysis to other bacteria more distantly related to E. coli and
B. subtilis since it is not reasonable to assume that the orthologs of
these essential genes are still essential for distantly related
organisms.
The F-group genomes have stronger SGD and unique
heterodimeric DNA polymerase III α-subunits
We first looked into the bias of CDS distributions among
genomes between andwithin the F andNF groups and found that
the percentage of CDS on the LeS and LaS differs significantlye divided into leading (LeS) and lagging strands (LaS) by the replication start site
Fig. 2. Comparative analyses of proportion of CDS (CDS%) on the LeS between the NF and the F groups. (a) Percentage of highly expressed CDS on the LeS. (b) Total
CDS% on the LeS.
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percentage of CDS (CDS%) on the LeS ranges from 62 to 89%
(average 76%, SD 6%) for the F group and 45 to 73% (average
55%, SD 5%) for the NF group (Table 1). Since the boundary of
CDS% on the LeS between the F and the NF groups was around
70%, we selected 70% as this threshold value to distinguish
between stronger (N70%) and weaker SGD (b70%). Of
members of the F group genomes in our dataset, Mesoplasma
florum L1 (GenBank Accession No. NC_006055) and Ther-
moanaerobacter tengcongensis [26] were found to have the first
and second strongest SGD, having 89.3 and 86% of their CDS
residing on LeS, respectively.
We next focused on DNA polymerase, which is responsible
for replication and repair and therefore is the primary source of
sequence variations. DNA replication is catalyzed by DNA
polymerase III (polIII) in Eubacteria and DNA polymerase B/D
in Archaea [27–29]. Because the proportion of archaeal
genomes in our collection was limited (16.8%) and genomes
with stronger SGD all belong to Eubacteria, we focused on the
eubacterial genomes in this analysis. The polIII holoenzyme in
Eubacteria generally has 10 protein subunits [14,30]. The core
enzyme is the α-subunit, which catalyzes elongation of the
growing DNA chain. There are two basic classes of α-subunit
genes: dnaE, originally identified in E. coli, and polC, originally
identified in B. subtilis [31,32]. The active form of the coreTable 1
Comparative analysis of average nucleotide contents of the LeS and LaS
between the F group and the NF group
% F group NF group
LeS LaS Δ W test LeS LaS Δ W test
A 0.336 0.310 0.026 pb0.0001 0.254 0.260 –0.006 p=0.196
C 0.158 0.195 –0.037 pb0.0001 0.236 0.250 –0.014 p=0.028
G 0.196 0.158 0.038 pb0.0001 0.250 0.236 0.014 p=0.032
T 0.310 0.336 –0.026 pb0.0001 0.261 0.253 0.008 p=0.155
Δ is the difference of average nucleotide contents over all genomes in the same
group between the LeS and the LaS. p is the probability that there is no differ-
ence in average nucleotide content between the LeS and the LaS. pb0.05
signifies that the difference is significant, and pb0.01 signifies that the differ-
ence is very significant. W test is Wilcoxon rank-sum test.enzyme is composed of two α-subunits that form either a
homodimer of two dnaE proteins or a heterodimer of dnaE and
polC [14,33]. We have categorized all 10 subunits of polIII and
looked for correlations between stronger SGD and the
distribution of these subunits. Only the presence or absence of
polC was found to correlate with stronger SGD; both polC and
stronger SGD appeared unique to the F group. In our dataset, all
members of the F group have heterodimeric α-subunits without
a single exception, albeit polC has been found as extra com-
ponents in three genomes of the NF-group members.
The two α-subunit proteins, dnaE and polC, are known to be
functionally equivalent but the average polypeptide length of
polC is 1454 amino acids, which is 326 amino acids longer than
the average length of dnaE. It was reported that polC contains
both DNA-dependent 5′-to-3′ polymerase and 3′-to-5′ proof-
reading exonuclease activities, whereas dnaE contains only
polymerase activity, which is compensated for by the 3′-to-5′
proofreading exonuclease activity of another subunit, dnaQ
[34]. We analyzed the functional domains based on InterPro
classifications and found that polC has three unique domains: ε-
subunit domain of polIII (IPR006054), exonuclease domain
(IPR006055), and gram-positive type α-subunit domain of
polIII (IPR006308). The exonuclease domain is not present in
dnaE but is present in dnaQ. In contrast, another α-subunit
domain, IPR004805, that is not found in polC, is unique to
dnaE. This evidence indicates that polC and dnaE might differ
functionally, although polC appears functionally equivalent to
dnaE plus dnaQ.
The F-group genomes have stronger PAS
Compositional asymmetry between DNA strands can be as-
sessed with many basic parameters, such as purine, keto, oligo-
mer biases, and GC skew (G−C/G+C) [19,35–38]. Recently, it
was reported that there was no correlation between the presence
of polC and compositional strand bias [13]. We reopened the
case and examined not only GC skew but also compositional
dynamics of all four nucleotides between the LeS and the LaS in
relationship with SGD and polC between the F and the NF
groups (Figs. 3a and 3b).
Fig. 3. Comparative analyses of average nucleotide content differences between
the LeS and the LaS for the NF group and F group. We plotted differences for all
four nucleotides in the (a) NF and (b) F groups and (c) the purine content
difference between LeS and LaS for both the NF and the F groups. The box plots
mark the positions of the 1st, 25th, 50th, 75th, and 99th percentiles. In (c),ΔR is
a simple measure for PAS, equivalent to the average purine content difference
between the LeS and the LaS. The genomes were ordered in an ascending way
according to ΔR values. PAS of the F group was found significantly stronger
than that of the NF group (pb0.0001, Wilcoxon rank-sum test).
Table 2
Comparative analysis of CDS% on the LeS between the F group and the NF
group
F group (with polC) NF group (without polC) W test
Min Max Average
(SD)
Min Max Average
(SD)
Gene% on
LeS
62% 89% 76% (6%) 45% 73% 55% (5%) pb0.0001
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difference in average nucleotide contents between the LeS and
the LaS is highly significant (pb0.001, based on Wilcoxon
rank-sum test) and the content of both A and G is significantly
higher in the LeS than in the LaS, which indicates that there is a
significant R-content (or purine content) asymmetry between
the LeS and the LaS (Table 2). In the NF group, the difference in
nucleotide contents between the LeS and the LaS was found
significant only for C and G (pb0.05, Wilcoxon rank-sum test).
The only composition asymmetry shared between the F and theNF groups appeared to be the contents of G and C, which is
believed to be the reason GC skew is a useful tool for predicting
the replication start and termination sites. GC skew is believed
to be a result of the asymmetry of the replication process, in
which the LeS is replicated continuously and the LaS is re-
plicated discretely through Okazaki fragments [15,16]. Stronger
GC skew can be found in some organisms in both F and NF
groups but others do not have plausible skews [36]. Focusing
our attention only on the purines, the most striking difference
between the F and the NF groups is that A tends to favor the LeS
in the F group and the LaS in the NF group. Furthermore,
although G tends to favor the LeS in almost all prokaryotic
genomes, it prefers the LeS in the F group more than in the NF
group. So, although both A and G contribute to PAS, A con-
tributes to the PAS difference between the F and the NF groups
more than G.
To quantitate purine asymmetries better, we used the differ-
ence in R-content between the LeS and the LaS, or ΔR, as a
measure of compositional biases. We chose a threshold value of
0.04 (Fig. 3c) to distinguish strong PAS (ΔRN0.04) and weak
PAS (ΔRb0.04), because of an apparent gap near ΔR=0.04.
Strong PAS was observed only among the F-group genomes.
Moreover, for genomes with strong PAS we observed a clear
transition in R-content from LeS to LaS (Figs. 4a and 4b).
Of the 154 members of the NF group, only Chlamydia
muridarum of the Phylum Chlamydiae has strong PAS. Its
ΔR value is 0.043, just slightly above 0.04. In contrast, 46 of the
57 F-group genomes had strong PAS. For most of the pro-
karyotic genomes, ΔR values were positive, but there were 14
exceptions that had negativeΔR values, all belonging to the NF
group (e.g., Buchnera aphidicola Sg, Buchnera sp., and Tro-
pheryma whipplei Twist).
PAS is replication associated
To investigate whether PAS is replication associated, we
analyzed the R-content of genic and intergenic sequences on the
LeS and LaS. The R-content was plotted as a function of
position along a genome (Figs. 4c to 4f). The genic regions were
defined based on CDS, but intergenic regions were identified
conservatively in the following manner. First, we had to identify
operon sequences that are often composed of several function-
ally related genes and transcribed together along with the inter-
vening intergenic sequences. Previous analyses revealed that
intergenic sequences within an operon are often shorter than
those that are not in an operon, where most operon intergenic
sequences are less than 100 bp in length [10,39,40]. Therefore,
Fig. 4. Comparison of PAS between the NF group (left column; represented by F. tularensis) and the F group (right column; represented by B. anthracis Ames 0581).
We plotted the purine content distributions along the genome in a sliding window of 200 bp (a and b), gene region along the genome in a window of gene sizes (c and
d), and intergenic region along the genome in a window size of lengths of intergenic sequences (e and f). In (c) and (d), gene regions are colored blue or red when genes
are located on the top or bottom strand, respectively. In (e) and (f), only intergenic regions with length greater than 100 bp were included. Statistics regarding the R-
content of the CDS on the LeS and LaS are also shown (g and h). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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100 bp in our analysis. Second, because regulatory sequences,
including promoter, terminator, and other upstream transcrip-
tional elements, may interfere with our analysis, we further
constrained our intergenic sequences with two additional
criteria: (1) the length must be greater than 500 bp and (2)
100-bp sequences flanking an intergenic sequence were also
removed to avoid 5′ and 3′ sequences. Enforcing the these two
criteria yielded results identical to those obtained by consider-
ing only the operon structures (data not shown). It should also
be noted that we ignored minor annotation errors that included
misidentified translation initiation/stop sites or nontranscribed
ORFs [40]. These sequences are usually less than 3% of the
genome in total and so would have little influence on our
analysis. Our results showed that PAS was apparent when only
intergenic regions were considered, and therefore PAS was not
due to SGD.
We also analyzed the R-content of individual CDS between
the LeS and the LaS, finding that the R-contents of CDS
between the two strands were different (Figs. 4g and 4h). In
general, the R-content on the LeS appears higher than that on
the LaS. In the F group, the CDS ΔR correlated in a linear
fashion with ΔR computed from intergenic regions (Fig. 5a).
Furthermore, regardless of the LeS or LaS localization, the R-
content distribution in CDS appeared bimodal; higher R-content
was always seen as a major mode and lower R-content was
always seen as a minor mode. We subsequently looked into
CDS in the minor model and found that most CDS were
“membrane” or “transport-related” proteins. These genes did
not seem to be related to expressivity since their CAI was not
high enough to be classified as highly expressed genes. We also
searched orthologous genes in the minor mode, using BlastP,
and found that majority of them were purine poor. For instance,
in the F. tularensis genome, not only the genes in the minor
mode were purine poor, but their orthologs in other genomes
(N90%) were also purine poor. We concluded that the purine
poorness was a characteristic of genes in the minor mode so the
bimodal distribution was nonrandom. The bimodal distribution
of R-content among prokaryotic genes was a novel phenom-Fig. 5. Correlation analyses of PAS computed from intergenic regions and genes as w
regions and fourfold degenerate sites was correlated with that of genes (RN0.7, pb0.
regions and genes. P is the probability that there is no correlation between the two genon. We further compared this result to a protein level study
that stratified proteins into two portions according to their pI
values [41], but found no significant correlations. We never-
theless noticed that a great majority of CDS in the minor group
had high pI values.
To see whether the R-content difference of CDS on the LeS
and LaS is a direct cause of codon usage bias [5], we computed
ΔR from fourfold degenerate sites (Fig. 5b). The ΔR computed
from genic sequences and fourfold degenerate sites are very
similar and linearly correlated. ΔR values computed from four-
fold degenerate sites were higher than those from intergenic
sequences, while the latter in turn were higher than the ΔR
values computed from genes. This order reflected the fact that
the R-content variability in CDS was more constrained by
codon usage than in intergenic sequences and fourfold dege-
nerate sites.
We realized that stronger PAS and SGD must be correlated
since both were predominantly found in the F group. We plotted
the distribution of CDS% on the LeS against ΔR computed
from the LeS and the LaS (Fig. 6a) and found that they had a
correlation coefficient of 0.8 (pb0.0001). We also analyzed the
correlation between SGD and ΔR computed just from inter-
genic regions and obtained a similar result (Fig. 6b).
Discussion
Our result challenged the universality of the expressivity-
driven hypothesis with the fact that highly expressed genes do
not always preferentially reside on the LeS. If the hypothesis
were true, i.e., highly expressed genes have to be preferentially
localized on the LeS to avoid head-on collision between DNA
and RNA polymerization machineries [9,10], most of the highly
expressed genes would be found on LeS. However, we found
many exceptions, in that there were about 30 or so genomes that
had more than 50% of their highly expressed genes on the LaS
rather than the LeS. In addition, we were not sure that if CAI is
always a valid method for defining highly expressed genes
across compositionally diverged prokaryotic genomes. Con-
strained by lacking a computational method to define essen-ell as fourfold degenerate sites of CDS. The ΔR computed from both intergenic
0001). The fourfold degenerate sites had the highest ΔR, followed by intergenic
roups of data.
Fig. 6. Correlation analyses between SGD and PAS. There was positive correlation between SGD and PAS no matter whether PAS was computed from (a) entire
strands of the LeS and LaS or (b) only the intergenic region of LeS and LaS. We observed significant correlations from both analyses (RN0.7 and pb0.0001).
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subtilis, and closely related bacteria, we were unable to address
thoroughly the alternative hypothesis of whether essential genes
also prefer the LeS.
Our result supported the view that PAS is not a result of
SGD. It was discovered over half a century ago that CDS tend to
be R-rich [42–44] and later confirmed by many authors who
believe that the causative factor for the R-richness is transcrip-
tion related [45–48]. This naturally leads to an intuitive
conclusion that SGD might be the cause of PAS, since a large
amount of high R-content CDS located on the LeS should create
PAS. If this is true, PAS must be transcription associated.
However, these results give indications to the contrary. These
results showed not only that PAS is present in intergenic
sequences, but also that the R-content of CDS on the LeS was
overall much higher than that on the LaS. The higher R-content
of fourfold degenerate sites also supports this notion.
According to the basics of cell biology, there are two
mechanisms that generate compositional biases (purine or GC
content): DNA replication and DNA repair [49]. The latter
leaves sequence signatures at two levels: the genome level and
the transcript level. Genome-wide repair is commonly under-
stood but transcription-coupled DNA repair (TCR) is often
ignored or misunderstood [50,51]. Regardless of the molecular
details of these mechanisms, the sequence signatures (i.e.,
mutations due to replication and repair errors) are characteristics
of the particular DNA polymerase involved in the mechanism.
When mutations occur in replication, they affect the entire
chromosome, including both genic regions and intergenic
regions. We propose this is the origin of PAS, where the R-
richness on the LeS and R-poorness on the LaS is a type of
sequence signature of the DNA polymerase in Firmicutes.
When mutations occur at the second level, through TCR, they
affect primarily the genic regions, leading to R-richness in only
genes or CDS. This is believed to be the origin of R-richness of
prokaryotic genes (see discussion above). Therefore, if a gene
locates on the LeS, the mutational bias at the genome and
transcript levels both increase its R-content; if a gene locates on
the LaS, the mutational bias at the transcription level tends to
increase its R-content but the mutational bias at the genomelevel tends to decrease its R-content. A collective effect at these
two levels is that genes on the LeS are more R-rich than genes
on the LaS. We separated PAS at the transcription level from
PAS at the replication level by examining the sequence
signatures in the genic and intergenic regions separately.
The coincidence that polC, strong PAS, and strong SGD all
predominantly appeared in the F group suggests that there
should be certain molecular mechanisms to link these pheno-
mena together. We propose the following hypothesis. The
asymmetry of the replication machinery, in which polC and
dnaE are responsible for the synthesis of the LeS and the LaS,
respectively, leads to R-richness of the LeS and R-poorness of
the LaS; therefore PAS is created at the replication level. The R-
richness of the LeS and R-poorness of the LaS indicate that
genes on the LeS are more R-rich than genes on the LaS.
Bacterial genomes are dynamical objects, in which rearrange-
ments occur randomly and frequently. The rearrangement will
lead to frequent gene exchange between the LeS and the LaS.
Selection acts on this frequent gene exchange and drives R-rich
genes to localize preferentially on the LeS to retain their R-
richness, since R-richness can prevent nonspecific RNA–RNA
interactions and excessive formation of double-stranded RNA
[52]. The rearrangement also influences the SGD and PAS of
one genome and causes the differences in SGD and PAS among
bacteria in the same species (Table S2).
PolC is not found exclusively in the F group since horizontal
gene transfer happens very frequently in prokaryotes [53,54].
We identified three such bacterial genomes in the NF group that
contain the polC gene, Thermotoga maritima (Phylum
Thermotogae), Fusobacterium nucleatum (Phylum Fusobac-
teria), and Symbiobacterium thermophilum IAM14863 (Phylum
Actinobacteria). Phylum Actinobacteria has 19 sequenced
genomes but only one has polC, S. thermophilum. We found
that it has the strongest SGD (73% of its genes are located on the
LeS) among all sequenced members. The result suggested the
possible role that polC plays in SGD and PAS. The rarity of
seeing SGD in the NF group of bacteria suggested that polC in
S. thermophilum may be transferred horizontally from a
member of Firmicutes since polC is unique to Firmicutes.
Phylogenetic analysis verified this speculation (Fig. S1). Since
193J. Hu et al. / Genomics 90 (2007) 186–194T. maritima and F. nucleatum both have weak PAS and SGD in
their genomes and there are no other members of the phyla
available, we are unable to estimate how frequently horizontal
gene transfer occurs and how many other bacteria in these two
phyla have polC.
The discovery of stronger SGD and PAS does not break the
balanced distribution of genes and nucleotide composition
between top and bottom strands. As for the gene distribution,
the percentage of genes on top and bottom strands was noted to
be always nearly equal, regardless of whether they were mea-
sured in terms of collective lengths or collective numbers (Figs.
S2a and S2b). As to the nucleotide compositional dynamics,
Chargaff’s Second Parity Rule [42,55] still holds (Figs. S3a and
S3b). The rule states that the composition statistics of top and
bottom strands both should obey A=T and G=C [46]. In our
current dataset, we observed a significant disparity within the
two individual strands in the F-group genomes. Therefore, the
Second Parity Rule is enforced in two basic ways in the F and
NF groups. In the NF group genomes, the R-content is balanced
both locally and across the entire strand, while in the F-group
genomes, the R-content is balanced only across the entire
strand. The lack of local balance in the F group contradicted the
explanation that the Chargaff Second Parity Rule might come
from intrastrand base pairing [46], since intrastrand base pairing
is often confined to a short distance. Although we do not have a
plausible explanation for the cross-strand balance of R-content
unique to the F group at this point, it significantly challenges
our common belief, calling for further investigation.
Conclusion
The preferential localization of highly expressed and essen-
tial genes on the LeS may not be the only factor in SGD.
Replication-associated PAS that is caused by DNA synthesis
errors of a heterodimeric α-subunit, constituted by polC and
dnaE, appears to play an essential role.Materials and methods
Genome sequences and annotations of 211 prokaryotes, including 20
Archaea and 191 Eubacteria, were retrieved from GenBank (NCBI/GenBank/
ftp://ftp.ncbi.nih.gov/; May 19, 2005) and classified according to information
from the taxonomy database at NCBI. The data covered 106 genera and 163
species; of these species, 44 had more than one sequenced isolate. The predicted
ORFs and functional annotations were extracted from the *.gbk files with a Perl
script.
Two methods were used to determine the strand-specific gene distribution:
(1) extracting information from published manuscripts and (2) reannotating the
publicly available sequences. When a publication describing the genome
sequence was not available, detailed genomic information was obtained as
follows. The LeS and LaS were first identified according to GC skew [2,17,56]
and cumulative GC skew [15] automated analysis (http://www.cbs.dtu.dk/
services/GenomeAtlas/suppl/origin). ORFs were then predicted along each
strand. A few genome sequences in which replication origins were not easily
delineated by the standard method were excluded.
The statistics software S-PLUS 2000 was employed to do statistical analysis.
In this study, the Wilcoxon rank-sum test was used, since the population
distribution of the samples was unknown. The Wilcoxon rank-sum test is a
nonparametric alternative to the two-sample t test, which is based solely on the
order in which the observations from the two samples fall. pb0.05 means thatthe difference between the two samples is significant and pb0.01 suggests that
the difference between the two samples is highly significant.
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